1. Introduction {#sec0005}
===============

African swine fever virus (ASFV), the causative agent of African swine fever (ASF), is a complex, large, icosahedral multi-enveloped DNA virus. It is classified as the only member in the family *Asfarviridae* ([@bib0110]; [@bib0025]). The genome of the virus belongs to double-stranded DNA, with the size ranging from 170 kb to 190 kb ([@bib0075]). ASFV mainly infect suids and soft ticks. The suids include domestic pigs and wild boars, and were reported as the natural hosts of the virus ([@bib0195]; [@bib0065]). ASFV was firstly discovered in Kenya in 1921 ([@bib0030]). It remained restricted in Africa till 1957, when it was reported in Spain and Portugal. Up to now, the virus has caused ASF outbreaks in more than fifty countries in Africa, Europe, Asia, and South America ([@bib0065]). The latest reports showed that the virus has caused outbreaks in nearly all provinces of China ([@bib0120]; [@bib0245]; [@bib0255]; [@bib0095]). Because of the high lethality of ASFV in domestic pigs, the most commonly used strategies to control the virus were the massive culling campaigns and the restriction of pig movement ([@bib0195]). Both strategies have resulted in a huge economic loss for pig industry and affected people's livelihoods. How to effectively control the virus is still a great challenge for the globe.

The large genetic diversity of ASFVs, which was supposed to hinder the development of effective vaccines or drugs against the virus ([@bib0195]; [@bib0090]; [@bib0020]), has been investigated in many studies. The ASFV genome encodes over 150 proteins, including viral enzymes, viral transcription and replication-related proteins, structural proteins, other proteins involved in the virus assembly, the evading of host defence systems and the modulation of host cell function, etc ([@bib0075]; [@bib0010]; [@bib0145]). For example, the transcription of the virus is independent on the host RNA polymerase because the virus contains relevant enzymes and factors ([@bib0075]). The viral genome contains a conservative central region of about 12 kb and two variable ends, which results in the variable size of the genome ([@bib0075]; [@bib0060]; [@bib0070]). There are significant variations among the ASFV genomes due to the genomic insertion or deletion, such as the deletion of the multigene family (MGF) members ([@bib0075]). Although much progress have been made on genetic diversity of the virus, the extent and mechanisms are still not clear. Besides, most of these studies either only investigated the genetic diversity of some common genes, such as p72 and p54 ([@bib0100]; [@bib0165]), or only used one to twelve isolate genomes ([@bib0075]; [@bib0060]; [@bib0070]). The number of discovered viral genomes has increased rapidly as the development of DNA sequencing technology. Therefore, a comprehensive study on the genetic diversity of ASFVs is necessary.

Homologous recombination, which has been reported to occur in several groups of viruses ([@bib0185]; [@bib0170]; [@bib0230]), such as herpesvirus, retroviruses, and coronaviruses, has played an important role in viral evolution ([@bib0170]). A few studies on several ASFV genes have suggested the occurrence of homologous recombination in the evolution of ASFVs ([@bib0075]; [@bib0100]). However, a comprehensive study on the homologous recombination in ASFV at the genomic scale is lacking, and the role of the recombination on the genetic diversity and the evolution of the virus is still unknown. In this study, we have systematically investigated the genomic diversity and the homologous recombination of ASFVs based on the analysis on all the publicly available ASFV genomes. The results demonstrated that the homologous recombination contributed much to the genetic diversity of ASFVs. This work would help to understand the evolution of the ASFV and thus facilitate the prevention and control of the virus.

2. Materials and methods {#sec0010}
========================

2.1. ASFV genome and alignment {#sec0015}
------------------------------

All the ASFV genomic sequences with over 170, 000 bp were obtained from NCBI GenBank database on February 15, 2019 ([@bib0005]). After removing the genomic sequences derived from a patent, a total of 39 ASFV genomes were kept in the analysis (Table S1). The genomic sequences were aligned by MAFFT (version 7.127b) with the default parameters ([@bib0140]). Unless otherwise specified, all the analyses in this study were conducted based on the alignment by MAFFT.

2.2. Gene prediction {#sec0020}
--------------------

Genes encoded in ASFV genomes were predicted with the help of GeneMarkS (version 4.28) ([@bib0040]) with the default parameters, which is available at <http://opal.biology.gatech.edu/GeneMark/>. The protein sequences for these genes were also provided by GeneMarkS (Table S2).

2.3. Protein grouping {#sec0025}
---------------------

All the inferred proteins of ASFVs were grouped based on sequence homology using OrthoFinder (version 2.2.7) ([@bib0085]) with the default parameters. Manual check was conducted to ensure that each protein group contains one type of protein. A total of 156 protein groups were obtained, including 146 groups with more than 2 proteins and 10 groups with only one protein (Table S3). To name each protein group, the proteins included in the group were blast against the ASFV proteins downloaded from NCBI protein database on February 20, 2019. The names of the blast best hits were used to infer the name of the protein group (Table S3). The functions of the protein groups were adapted from Dixon's ([@bib0075]) and Alejo's work ([@bib0010]) (Table S3).

2.4. Alignment of ASFV gene sets {#sec0030}
--------------------------------

To determine insertion and deletion events of genes between two ASFV genomes, an ASFV gene set was defined as all the genes encoded by the ASFV genome. The order of the gene, no matter which strand it was encoded, was determined by the coding region of the gene in the direction of 5′ end to the 3′ end on the plus strand. Each gene set was firstly sorted by the gene order. Then, each gene was named as the group name of the protein which the gene encoded. Finally, the global alignment of pairwise gene sets was conducted using the Needleman-Wunsch algorithm. To reduce the uncertainty of grouping MGF genes, the genes of the same MGF family were considered to be the same in the alignment.

2.5. Detection of homologous recombination events {#sec0035}
-------------------------------------------------

RDP (version 4) ([@bib0160]) was used to detect the recombination events in the aligned ASFV genomes. A total of nine methods, i.e., RDP, GENECONV, Bootscan, Maxchi, Chimaera, SiSscan, PhylPro, LARD, 3Seq, were used to infer the recombination events with the default parameters. Only the recombination events with significant p-values (\<0.05) were recorded for each method. For each recombination event, RDP outputted the recombination region, the recombinant virus, the potential major and minor parents, and the support by each method. For robustness, only the recombination events which were detected by at least two methods were used for further analysis (Table S4).

2.6. Searching for retrotransposon in ASFV genomes {#sec0040}
--------------------------------------------------

All retrotransposons in the databases of RepBase (Version 23.10) ([@bib0125]) and TREP ([@bib0240]) were downloaded on November 11, 2018. All ASFV genomes were searched against these retrotransposons using blastn ([@bib0015]). No hits were obtained under the e-value cutoff of 0.001.

2.7. Phylogenetic tree inference and genotype determination {#sec0045}
-----------------------------------------------------------

Maximum-likelihood phylogenetic trees were inferred using MEGA (version 5.0) ([@bib0210]) with the default values of parameters. Bootstrap analysis was conducted with 100 replicates. The phylogenetic tree was visualized using Dendroscope (version 2.4) ([@bib0135]). To illustrate the recombination event, several maximum-likelihood phylogenetic trees were built based on genomic sequences with and without the recombination regions. To determine the genotype of ASFVs analyzed, the C-terminal sequences (478 bp) of B646 L gene of the ASFVs were used to build the maximum-likelihood phylogenetic tree. The genotype of each ASFV was assigned based on previous studies ([@bib0175]; [@bib0045]; [@bib0050]).

2.8. Statistics analysis {#sec0050}
------------------------

All the statistical analyses were conducted in R (version 3.2.5) ([@bib0180]). The *t*-test was used to test whether the ratios of the gaps in the recombination regions were similar to those in other regions, and whether the number of indels in the recombination regions was similar to that in other regions. The paired *t*-test was used to test whether the genomic differences caused by the insertions and deletions (indels) were similar to those caused by the point mutations, and whether the number of repeated elements in the windows (1000-10,000bp in length) including recombination was similar to those without recombination. The *t*-test and paired *t*-test was conducted by the function of t.test() in R.

3. Results {#sec0055}
==========

3.1. ASFV genomes {#sec0060}
-----------------

A total of 39 genome sequences of ASFVs were obtained from the NCBI GenBank database, which were listed in Table S1. They were mostly isolated from Africa and Europe during the years from 1950 to 2016. Besides, two isolates from China in 2018, i.e., 2018/AnhuiXCGQ and SY18, were also included. The size of the ASFV genomes ranged from 170,101 bp to 193,886 bp, averaged at 186,588 bp. The viral isolate Kenya_1950 had the largest size, while the isolate BA71 V had the smallest size. No increasing or decreasing trend in the genome size was observed from 1950 to 2018 (Fig. S1), suggesting the dynamic changes of the viral genomes.

3.2. Widespread indels in ASFV genomes {#sec0065}
--------------------------------------

Pairwise comparisons between ASFV genomes were conducted after the multiple sequence alignment of 39 genomes. The pairwise genomic differences between ASFV genomes ranged from 3 to 52,251 bp (Fig. S2), with an average of 22,646 bp, which accounts for more than 10% of the genome alignment. Interestingly, the genomic differences caused by the insertions and deletions (indels) were much larger than those caused by the point mutations (p-value \< 2.2e-16 in the paired *t*-test) (Fig. S3A). Specifically, the genomic differences caused by indels ranged from 3 to 37,837bp, with an average of 14,292bp; while that caused by point mutations ranged from 0 to 17,035bp, with an average of 8,354bp. Among these point mutations, a median ratio of 78.5% happened in the coding regions, and a median ratio of 43.3% belonged to non-silent substitutions (Fig. S4). For robustness of the results, we also conducted the analysis based on the genome alignment by ClustalW ([@bib0150]), and found that the indels caused larger genomic differences than the point mutations did (p-value = 3.2e-9 in the paired *t*-test) (Fig. S3B).

The size and the number of indels in ASFV genomes were also analyzed. 70% of indels were no longer than 10 bp, and about 9% of indels were more than 50 bp (Fig. S5). The number of indels in each genome ranged from 804 to 1062, with a median of 988. The occurrence of indels was much more frequent in both ends of the genome, especially in the 5′ end (indicated by the red line in [Fig. 1](#fig0005){ref-type="fig"} ). The distribution of the indel size was similar along the genome, but the large indels with over 50 bp (marked by a blue line in [Fig. 1](#fig0005){ref-type="fig"}) were mostly observed in both ends.Fig. 1The number of indels of varying sizes in intervals of 10 kb of the multiple sequence alignments of ASFV genomes (red curve), and the distribution of indel sizes in these intervals. For clarity, the natural logarithm of the indel size, or the number of indels, was used. The Y-axis on the right side indicates the actual numbers corresponding to those in the Y-axis on the left side. Position for an indel is defined as the middle position of the indel. The short blue line refers to the indel size of 50 bp. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).Fig. 1

The impact of the indels on gene function for each genome was further analyzed. The number of indels which occurred in coding regions was counted for each genome. About 30% of indels were located in the coding regions (Fig. S6). Among them, about 70% of indels had length of 3 or multiple of 3 (colored in blue in Fig. S6), which were likely to cause amino acid indels; the remaining indels were likely to cause changes of reading frames (colored in red in Fig. S6).

3.3. Extensive homologous recombination among ASFV genomes {#sec0070}
----------------------------------------------------------

As numerous indels have been revealed in the ASFV genomes, then, we investigated the mechanism of generating indels. According to the results in previous studies, three factors may contribute to the extensive indels in ASFVs: replication slippage, retrotransposition and recombination. Replication slippage mainly produced duplications of short genetic sequences ([@bib0225]) and may cause short indels, but it is unlikely to generate large indels observed in ASFVs. Retrotransposition can result in duplication of large genetic sequences or genes ([@bib0240]), but no retrotransposons were observed in the analyzed ASFV genomes (as described in Materials and Methods).

Finally, we investigated the role of recombination in the generation of indels in the ASFV genomes. The analyses on the recombination showed that there were a total of 171 unique recombination events, and each ASFV genome had 4--31 recombination events ([Fig. 2](#fig0010){ref-type="fig"} & Table S4). The virus isolate Mkuzi_1979 experienced the largest number of recombination events. On average, each virus experienced a median of 14 recombination events. The sizes of recombination region ranged from 50 to 20,010 bp. The ratio of recombination region in each genome, i.e., the proportion of genomic regions involved in the recombination events, ranged from 1% to 24%. In total, the regions in the ASFV genomes involved in all recombination events covered a total of 121,107 nucleotide sites, accounting for 56% of the aligned genome.Fig. 2Recombination of ASFV genomes. (A) The maximum likelihood phylogenetic tree of ASFVs based on the genome sequences. The topology of the tree was the same as that of the standard p72 tree for genotype determination (Fig. S7). The genotypes of the ASFVs were indicated by the bold and italic numbers. The numbers beside the nodes indicated percent bootstrap support for each node over 100 replications. The scale bar represents the number of nucleotide substitutions per site. (B) Recombination regions (in black) in the genome of ASFVs. The bottom panel shows the ratio of gap in each position of the aligned genome. The panel uses the grayscale color bar at the bottom-left. The black arrow refers to the recombination event displayed in [Fig. 3](#fig0015){ref-type="fig"}.Fig. 2

Most recombination events were genotype-specific. There were 7 genotypes among the ASFVs analyzed ([Figs. 2](#fig0010){ref-type="fig"}A and S7). The genotype II constituted nearly half of ASFVs, including the isolates from East Europe and China in recent years. More than ten recombination events were genotype II-specific ([Fig. 2](#fig0010){ref-type="fig"}B). The genotype IX, which included six viruses from Uganda and Kenya, had the least recombination events. [Fig. 3](#fig0015){ref-type="fig"} illustrates the recombination event in genotype I and VII (colored in red), including two viral isolates from Africa (Mkuzi_1979 and Benin_97/1) and eight viral isolates from Europe. These 10 viral isolates formed a separate lineage in the phylogenetic tree. The recombination region ranged from 139,742to 143,561 bp of the genome alignment, located in the central conservative region of the genome (shown by the black arrow in [Fig. 2](#fig0010){ref-type="fig"}B). In the phylogenetic tree built with genomic sequences without the recombination regions, the recombinants are the neighbors of a clade containing viruses from Eastern Europe countries ([Fig. 3](#fig0015){ref-type="fig"}A); while in the tree built with genomic sequences of the recombination regions, the recombinants are the descendants of viruses from Africa ([Fig. 3](#fig0015){ref-type="fig"}B).Fig. 3An example of a recombination event happened in 10 ASFVs (colored in red). Figure (A) refers to the maximum-likelihood phylogenetic tree built with genome sequences without the recombination region. Figure (B) refers to the phylogenetic tree built with genome sequences of the recombination region. The numbers beside the nodes indicated percent bootstrap support for each node over 100 replications. The scale bar represents the number of nucleotide substitutions per site. The numbers in bold and italic referred to the genotype of the viruses included in the node. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).Fig. 3

Most recombination events happened at both ends, especially at the 5′ end ([Fig. 2](#fig0010){ref-type="fig"}B). Interestingly, the recombination event in the aligned genomes was observed to be consistent with the ratio of the gap in the genome (the bottom of [Fig. 2](#fig0010){ref-type="fig"}). Almost all the recombination events happened in or close to the gap-rich regions where the indels were observed. The ratios of the gaps in the recombination regions were found to be significantly higher than those in other regions (p-value \< 0.001 in the *t*-test) (Fig. S8). Further comparison of the number of indels in the recombination regions and other regions showed that for indels of varying length, such as those greater than 5, 10, or 50 bp, the number of indels in the recombination regions was much larger than those in other regions (p-values \< 0.001 in the *t*-test) (Fig. S9).

3.4. Homologous recombinations lead to gene content variation {#sec0075}
-------------------------------------------------------------

Then, we investigated the functional consequences of the recombination events in terms of gene content. In 150 of 171 recombination events, there was at least one gene included in the recombination region. The genes included in the recombination region of the recombinants were compared to those of the inferred major parent virus, which was supposed to provide the larger fraction of the recombinant sequence except the recombination region. In 41 of 171 recombination events, there were at least one gene difference in the recombination region between the recombinant and the major parent virus, either by gene insertion, deletion or replacement ([Table 1](#tbl0005){ref-type="table"} ). For example, in the ninth recombination event, a gene L83 L was inserted in the recombination region of the recombinant virus Ken05/Tk1, compared to that of the major parent virus Kenya_1950. In another recombination event, the major parent virus Kenya_1950 encoded the genes of DP148R and DP71 L in the recombination region, the latter of which was lost in the recombinant virus Pretorisuskop/96/4. Interesting to note, the genes of the MGF families were involved in the gene content variation of the recombination region in 24 of these 41 recombination events.Table 1Gene content variation in the recombination region between the major parent and the recombinant virus in two recombination events. Genes highlighted in black bold referred to those different between the recombinant virus and the major parent virus in the recombination region.Table 1Recombination event 9 (1, 9042)Major parent virus (Kenya_1950)Recombinant virus (Ken05/Tk1)GeneStrandRegion[a](#tblfn0005){ref-type="table-fn"}Len[b](#tblfn0010){ref-type="table-fn"}GeneStrandRegionLenMGF_360--3498, 46571095MGF_360--3340, 46571071MGF_360--4896, 59661071MGF_360--4896, 59661071MGF_360--6062, 71761101MGF_360--6062, 71761098p22+7339, 7883525p22+7339, 7883531**L83L**--**8050, 8381324**Recombination event 34 (206146, 207790)Major parent virus (Kenya_1950)Recombinant virus (Pretorisuskop/96/4)GeneStrandRegionLenGeneStrandRegionLenDP148R+205778,206553774DP148R+205830,206547714**DP71L**--**206530, 207359558**[^2][^3]

We further compared the gene content between the ASFV genomes. The ASFV genome encoded 128--154 genes, with an average of 145 genes (Table S2). After pairwise alignment of the gene set encoded by genomes, the number of different genes between genomes was calculated. On average, there were 11 different genes between the gene set of genomes, which was about 7% of the gene set. The number of gene deletions and insertions between genomes was further calculated and shown in [Fig. 4](#fig0020){ref-type="fig"} . The matrix referred to the number of gene deletions when comparing the gene set of ASFV genomes in the row to those in the column. It showed that in most cases there were both gene deletions and insertions when comparing pairwise gene sets of ASFVs. Even for the virus Ken05/Tk1, which encoded the largest number of genes among all ASFVs analyzed, there were still gene insertions when comparing to other genomes (marked by the black star). Among the 34 genes which were involved in gene insertions or deletions, the member of MGF families, especially the MGF-110 and MGF-360, accounted for nearly 70% of gene insertions or deletions (Fig. S10). Unfortunately, most of them had unknown functions. Besides, the genes of DP71 L, which was reported to have the function of neurovirulence, and p22, which was reported to be one of the antigen protein, were also widely involved in gene insertions or deletions.Fig. 4Pairwise comparisons of the gene set encoded by ASFV genomes. Each element of the matrix, which was colored according to the legend on the top right, referred to the number of gene deletions when comparing the gene set of ASFVs listed in the phylogenetic tree in the left to those in the top of the matrix. Both the phylogenetic trees on the left and on the top were the same and were adapted from that shown in [Fig. 2](#fig0010){ref-type="fig"}A. The black stars referred to the viral isolate Ken05/Tk1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).Fig. 4

3.5. An abundance of repeated elements in ASFV genomes {#sec0080}
------------------------------------------------------

Repeated elements could facilitate the homologous recombination. In this study, lots of repeated elements ranging from 5 to 100 bp were identified, and then the distribution of the repeated elements in the ASFV genomes was analyzed. As shown in Fig. S11, the number of repeated elements in ASFV genomes decreased monotonously as the size of elements increased. Then, the distances between adjacent elements for a given repeated element was investigated ([Fig. 5](#fig0025){ref-type="fig"} A). As the size of the elements increased from 5 to 10, the average distance between the adjacent elements also increased because the number of repeated elements in the genome decreased and the repeated elements became more disperse in the genome. Interestingly, the average distance decreased as the size of the elements increased from 11 to 33; it reached to the minimum (136 bp) when the size was 33; then the distance kept unchanged as the size increased from 33 to 49; finally, it increased as the size of repeated element increased from 50 to 100. It should be noted that the average distance was still less than 300 bp even for the repeated elements of 100 bp. These phenomena suggested that the repeated elements of 11 bp or larger tended to cluster in the genome, especially for those of 33--49 bp.Fig. 5Distribution of the repeated elements. (A)The median distance between adjacent repeated elements versus the size of repeated elements. (B) Number of the repeated elements with the size of 30 bp in each kb of the multiple genome sequence alignments. (C) Comparison of the number of repeated elements (30 bp in length) in the window of 10,000 bp with and without recombination in viral genomes. For clarity, the natural logarithm of the median distance between adjacent repeated elements (A) and the number of repeated elements (C) was used. The Y-axis in the right side (A & C) indicates the actual numbers corresponding to those in the Y-axis on the left side. "\*\*\*",p-value \< 0.001.Fig. 5

For example, when the size of elements was 30 bp, each genome had a median of 427 types of elements which repeated at least two times in the genome. Some elements appeared for over ten times in the genome, such as the element "AGGCGTTAAACATTAAAATTATTACTACTG" in the viral strain BA71 V. The region covered by repeated elements accounted for 1%--3% of the genome in ASFVs. The median distance between repeated elements was 170 bp, suggesting they tended to cluster in adjacent regions. [Fig. 5](#fig0025){ref-type="fig"}B shows the distribution of repeated elements in the aligned genome. Most repeated elements were located at both ends of the genome. Besides, there were two clusters of repeated elements in the positions of around 55 kb and 120 kb (marked by black arrows), respectively.

Finally, the contribution of repeated elements to the recombination was investigated. For elements of 10 or more nucleotides, the number of repeated elements in the windows (1000-10,000bp in length) including recombination was significantly larger than those without recombination (p-values \< 0.001 in the paired *t*-test) (Table S5). [Fig. 5](#fig0025){ref-type="fig"}C showed the comparison of the number of repeated elements (30 bp in length) in the windows of 10,000 bp with and without the recombination in viral genomes. The windows including the recombination had a mean of 72 repeated elements, which was four times of that in the windows without recombination.

4. Discussion {#sec0085}
=============

This work systematically analyzed the genetic diversity of ASFVs. Large diversity was observed among the genomes and the genes of ASFVs, which may lead to diverse phenotype, such as the diversity in antigen and virulence. Indels were found to have a larger contribution to the genetic diversity of ASFVs than the point mutations. This was similar to that observed in a previous study by Lin, during which the author found that insertion/deletion of simple sequence repeat (SSR) could cause large genetic variations in phages ([@bib0155]). Compared to point mutations, indels could introduce a larger variation to the genome, and cause a more severe damage to the genome structures, which may lead to the death of viruses ([@bib0235]; [@bib0205]; [@bib0200]). Therefore, only few indels were observed in viruses with small genomes, such as influenza viruses ([@bib0215]) and hepatitis C viruses (HCV) ([@bib0220]). However, it was more robust for the indels to occur inside the viruses with large genomes, such as ASFVs ([@bib0075]), poxviruses ([@bib0080]) and phages ([@bib0155]), because the viruses with large genomes had lots of repeated elements (such as SSRs) and duplicated genes (such as MGFs). Moreover, indels may provide a more efficient way of survival than the point mutations under the natural selection pressure ([@bib0075]; [@bib0155]; [@bib0080]), since the virus with indels could rapidly change its phenotype, such as antigen, virulence, or ability of replication and transcription. For example, the deletion of some MGF genes in ASFV could reduce the viral replication or virulence, which may help with the viral infection of soft ticks ([@bib0075]; [@bib0055]).

As Dixon et al. pointed out, gene families are commonly involved in the evolution of DNA viruses with large genomes ([@bib0075]). For example, the poxviruses can rapidly acquired fitness via recurrent amplification of a key anti-host defence gene ([@bib0080]). The ASFV genomes have five MGF families, each of which has 3--22 MGF genes ([@bib0075]). Previous studies have shown that most genome variation in ASFVs was as the result of gain or loss of MGF genes ([@bib0075]). This study found that the member of MGF families were frequently involved in recombinations. They accounted for more than 2/3 of gene insertions or deletions when comparing the proteome of ASFVs. Although most of them had unknown functions until now, they are supposed to play important roles in rapidly changing the phenotypes of the virus.

Several factors could contribute to the indels, including replication slippage, retrotransposition and recombination ([@bib0250]). The replication slippage may introduce short indels which were widely observed in ASFV genomes, but it is unlikely to cause large indels. This study suggested that the ectopic homologous recombination, during which the segments with unequal length were exchanged ([@bib0105]), may contribute much to the extensive indels observed in ASFV genomes ([Fig. 6](#fig0030){ref-type="fig"} A). As a proof, significant associations were observed between the occurrence of recombination events and the indels. The clustered repeated elements observed in ASFV genomes may facilitate the homologous recombination ([Fig. 5](#fig0025){ref-type="fig"}). Taken together, the homologous recombination should be the effective strategy of ASFVs to generate the genetic diversity, which further leads to the diverse phenotypes, including antigen, virulence, replication and transcription ability, and the "weapons" of escaping from the host immunity ([Fig. 6](#fig0030){ref-type="fig"}B).Fig. 6Homologous recombination leads to (A) the indels, and (B) the genetic diversity of ASFVs.Fig. 6

The widespread distribution of repeated elements in the ASFV genomes may have important implications for the viral evolution. The short repeated elements may facilitate the replication slippage, leading to short indels. For example, Dixon et al. have identified short tandem repeats within the ASFV genes ([@bib0075]), such as E183 L and B602 L, which cause large variations of these genes. Besides the short repeated elements, there are also an abundance of long repeated elements, such as those longer than 30 bp. The clustered long repeated elements can facilitate the ectopic homologous recombination, which lead to large indels including the gene insertions/deletions.

This work provides some insights into the prevention and control of the ASFVs. Since the virus can rapidly change its phenotypes, such as the antigen, traditional methods of developing vaccines or drugs may be ineffective, as was demonstrated in previous studies ([@bib0090]; [@bib0020]; [@bib0190]). Identification of the conservative antigenic epitopes or drug targets may help for development of effective vaccines and drugs. Besides, development of drugs targeting host proteins instead of viral proteins may be an alternative strategy ([@bib0130]). Moreover, since the recombination play a large role in shaping the genetic diversity of the virus, coupling the drugs which inhibit the recombination process with the traditional drugs or vaccines, may help prevention and control of the viral infection.

There were some limitations to this study. Firstly, the number of ASFV genomes was limited, which hindered a comprehensive analysis on the evolution of ASFV genomes. Previous studies have identified over twenty genotypes of ASFVs ([@bib0050]; [@bib0035]), among which only seven genotypes were included in this study. Fortunately, the isolates included in this study covered a long time period from 1950 to 2018, and also covered a large area including Africa, Europe and China, which were the major areas of the ASFV circulation. Besides, the genotype II, the most widely spread genotype in recent years ([@bib0120]; [@bib0255]; [@bib0175]; [@bib0115]), were also included and constituted nearly half of all ASFVs. Thus the results based on these isolates could reflect the genetic diversity of the ASFVs to a large extent. Secondly, the location and size of the indels observed in ASFV genomes may be affected by the sequence alignment algorithm. Two common methods, i.e., MAFFT and ClustalW, for the alignment of ASFV genomes were used in this study. In both methods, the indels were observed to contribute much more to the genetic diversity than the point mutations did (Fig. S3), suggesting the robustness of the results. Lastly, the extensively repeated elements in ASFV genomes could facilitate the frequent occurrence of recombination events. However, some of recombination events cannot be detected by the recombination detection method because of the exchange between the genomic segments with small indels. Such kinds of recombination events are difficult to detect. Increasing the sensitivity of the recombination detection method can help detect them, but may also bring false positives. Therefore, the sensitivity and specificity should be balanced in the recombination detection methods.Overall, this work provided a systematic view of the genetic diversity of ASFVs. Extensive homologous recombination detected in this study may contribute much to the widespread indels observed in ASFV genomes, which further lead to the large genetic diversity of ASFVs. The results on the causes of the diversity of ASFVs would help with the understanding of the evolution of the virus and thus facilitate the prevention and control of ASFVs.
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